Submerged membrane bioreactors (MBRs) have attracted a significant amount of interest for decentralised treatment systems due to their small footprint and ability to produce high quality effluent, which is favourable for water reuse applications. This study provides a comprehensive overview of the capacity of a full-scale decentralised MBR to eliminate 17 endocrine disrupting chemicals (EDCs) and five indigenous microbial indicators. The results show that the MBR consistently achieved high removal of EDCs (>86.5%). Only 2 of the 17 EDCs were detected in the MBR permeate, namely two-phenylphenol and 4-tert-octylphenol. Measured log 10 reduction values of vegetative bacterial indicators were in the range of 5-5.3 log 10 units, and for clostridia, they were marginally lower at 4.6 log 10 units. Removal of bacteriophage was in excess of 4.9 log 10 units. This research shows that MBRs are a promising technology for decentralised water reuse applications. Key words | membrane bioreactor, microbial indicators, steroidal hormones, trace organic contaminants, wastewater treatment within the order of 90.4->99.5%; however, without complementary research at the field scale, it can only be assumed that these values reflect the performance of larger-scale systems.
INTRODUCTION
In regional and rural communities where connection to centralised sewer networks is not possible or is economically unfeasible, decentralised wastewater treatment systems (or package plants) are becoming the preferred option for sewage treatment. Recently, submerged membrane bioreactors (MBRs) have attracted a significant amount of interest for decentralised treatment systems due to their small footprint and ability to produce high quality effluent, which is favourable for water reuse applications (Coleman et al. ; Le-Minh et al. ) .
In Australia, implementation of water recycling processes such as MBRs requires validation to demonstrate that the process is capable of achieving the required water quality objectives (Australian Guidelines for Water Recycling ). Validation is most frequently based on characterising the removal of contaminants with health effects associated with acute or single dose exposures and therefore the majority of research on MBRs has focused on the removal of human pathogens or their surrogates (e.g. faecal coliforms, bacterial spores and bacteriophage).
Over the past decade, interest in the ability of MBRs to eliminate trace organic chemicals, such as endocrine disrupting chemicals (EDCs), has increasedparticularly for water reclamation schemes that have potential for chronic human exposure (e.g. direct or indirect potable reuse). In contrast to microbial constituents, the efficiency of MBR technology as a barrier for EDCs is less clear and most of the data available have been derived from pilotor laboratory-scale MBRs (e.g. Chen et al. ; Tadkaew et al. ) . These studies show high removal of EDCs treatment process comprises a fine screen (3 mm), a bioreactor tank, two parallel-submerged membrane modules and a medium pressure ultra-violet (UV) disinfection unit.
The sludge retention time of the bioreactor was 10-15 d, the hydraulic retention time was 1 d and the mixed liquor suspended solids concentration was 7.5-8.5 g L À1 . The bioreactor tank was intermittently aerated in 10 min cycles (dissolved oxygen set-point of 1 mg L À1 ) to achieve simultaneous nitrification and denitrification. The submerged membrane modules were made of hollow fibre membranes (Koch Puron), which have an effective pore size of 0.1-0.2 μm and a surface area of 235 m 2 (each). For cleaning, scour air was applied to the membranes using a positive displacement blower and backwashing occurred for a period of 60 s every 360 s. Chemical backwashing occurred automatically every 3 weeks, in accordance with the manufacturer's recommendations, to maintain a transmembrane pressure of <20 kPa. The membrane unit was designed to achieve an average flux of 25 L m À2 h. All of the final effluent is used for irrigation. The water quality values in the raw sewage and MBR permeate are presented in Table 1 .
Analysis of EDCs

Sample collection
Daily composite aqueous samples of raw sewage (0.5 L) and MBR permeate (1 L) were taken in triplicate over a 5-day period in March 2011 (giving a total of 15 raw sewage samples and 15 MBR permeate samples). After collection, raw sewage was immediately filtered through 0.7 μm Total P (mg L À1 ) Unavailable 5.0-7.4 (6.2) pH 6.8-7.2 (7.0) 7.7-8.1 (7.9) Millipore glass fibre prefilters. All samples were then spiked with isotopically labelled standards of trace chemicals of interest for accurate isotope dilution quantification. The samples were stored in ice and extracted on site using solid phase extraction (SPE) within 24 h of collection. The SPE procedure was reported in a previous publication (Trinh et al. b) .
LC/MS-MS analysis
The concentrations of nonylphenol, 2-phenylphenol, bisphenol A, 4-tert-octylphenol and propylparaben in the samples were analysed by LC-MS/MS method using negative mode electrospray ionisation, following an adaptation of a previous published method (Vanderford & Snyder ) . Direct isotopically labelled analogues were used for nonylphenol (D4-nonylphenol), 2-phenylphenol (phenylphenol-13C6-1) and bisphenol A (D6bisphenol A). No direct isotopically labelled compound is available for 4-tert-octylphenol and propylparaben, therefore D17-n-octylphenol was used for quantification of 4-tert-octylphenol and D6-bisphenol A was used for quantification of propylparaben.
Trimethylsilyl derivatisation and GC/MS-MS analysis
After analysis by LC-MS/MS, the same samples were processed for GC-MS/MS analysis of steroidal hormones using a previously published method (Trinh et al. a) .
The physicochemical properties of the EDCs are presented in Table 2 .
Analysis of microbial indicators
Refrigerated 
RESULTS AND DISCUSSION
Endocrine disrupting chemicals
Levels of EDCs in raw sewage
Concentrations of EDCs in raw sewage are presented in Table 3 . The main components of the contraceptive pill (17α-ethynylestradiol, mestranol and levonorgestrel) and
the breakdown product of the chemical used in detergents and personal care products (nonylphenol) were not detected.
Natural estrogenic hormones detected include 17α-estradiol, 17β-estradiol and its metabolised products estrone and estriol.
The androgenic hormone, testosterone and its androgenic metabolised products androsterone, etiocholanolone, androstenedione and dihydrotestosterone were also detected.
The levels of androgenic hormones detected were higher than those of estrogenic hormones, which may be due to the higher excretion rates of androgens compared to estrogens in humans (Le-Minh et al. ). Generally, the levels of steroidal hormones within the sewage were comparable to This may again be due to the highly sensitive method used for analysis. Literature on the level of 2-phenylphenol in raw sewage is still limited but a previous study reported similar values to those found in this study (Lee et al. ) .
Propylparaben is a preservative typically found in many water-based cosmetics, such as creams, lotions and some bath products. This compound was detected at concentrations of 2,270-5,260 ng L À1 which is comparable with previous reported values in the raw sewage (Regueiro et al. ) .
Removal of EDCs by the MBR
The percentage removal of the EDCs investigated are presented in A has been found at low concentration in the biomass suggesting that biodegradation is the main mechanism responsible for the removal of this compound (Chen et al. 
) since bisphenol
Microbial indicator organisms
The numbers of indicators in the raw sewage and permeate including their reductions are summarised in Table 4 . 
